INTRODUCTION
MANY GENE lVIUTATIONS are known to affect the plastid pigments of maize seedlings (Emerson, Beadle, and Fraser, 1935; .4 Some of these result in the development of albino seedlings that are chalk-white in color, without visible evidences of chlorophyll or carotenoid pigments. Other mutants lack chlorophyll only and have varying amounts of carotenoid pigments. The amount of carotenoid pigments is phenotypically expressed as the degree of yellowing evident in the seedlings. This degree of yellowness may range from cream-white seedlings containing almost no carotenoids to bright-yellow seedlings containing an abundance of carotenoid pigments. Some of these mutants are called virescents since, after a lapse of time, they begin to green and often become indistinguishable from normals (Emerson, 1912; Miles, 1915; Lindstrom, 1918; Demerec, 1924) . While many of the differences in color between mutant and normal seedlings are associated with morphological changes of the plastids (Miles, 1915; Zirkle, 1929; Schwartz, 1949; , there are examples where the plastids of mutant seedlings are very similar to the plastids of normal seedlings (Schwartz, 1949; Koski and Smith, 1951) .
The reported variability in the expression of virescence would make it appear difficult to carry out physiological studies with this type of mutant. However, previous studies have invariably been made from seedlings grown in the greenhouse or in the field. While the expression of the virescent character in many mutants is known to be strongly influenced by temperature and possibly by light (Demerec, 1924; Emerson, Beadle, and Fraser, 1935) , there is no information in the literature on the precise effect of light and temperature when one or the other is varied and the rest of the environment held constant.
In this paper the effects of certain environmental factors upon the expression of a virescent mutation, which herein is called pale-yellow-1 (v-py-1), are reported and the results interpreted in terms of the observed gene differ- [Vol. 23, No.8 ence. A later paper will deal with quantitative studies of the pigment content and pigment changes which provide the basis for the visual color differences recorded here between the mutants and their normal sibs.
GENERAL DESCRIPTION OF THE MUTANT
Appearance. The most obvious effect of the virescent gene pale-uelloui-L is the complete absence of visible chlorophyll in light-grown seedlings during the early stages of seedling growth. As a result, the leaves of mutant seedlings are a uniform pale-yellow when grown in the light (plate I-A). In addition it was found that the mutants can also be distinguished from normals on the basis of their degree of yellowness, Thus the seedling leaves of dark-grown mutants appear pale-yellow while the leaves of dark-grown normals are bright-yellow (plate I-B) . At constant temperature the seedling mutants are extremely uniform in appearance and clearly distinguishable from normals. At room temperature the pale-uelloui character persists for a.bout two weeks. Thereafter these seedlings begin to turn green. Two weeks later they are as green as the normal sibs (plate 2). The size and number of the plastids are very similar in the two kinds of seedlings (table 1) .
MATERIALS AND METHODS
The virescent mutant pale-yellow-l was isolated by Dr. E. G. Anderson of the California Institute of Technology from a "single-cross" (L 289 x L 205) of maize used in the "crossroads" tests of the "able" atomic bomb at Bikini. Pollen from a homozygous mutant plant was crossed to an inbred line and the F 1 selfed. The F 2 were found to segregate in a ratio of three normal to one virescent seedling, this indicating that the virescent character is the result of a recessive mutation (Anderson, unpublished data) . Subsequent tests to known translocation stocks showed the gene to belong to the fourth linkage group (Anderson, unpublished data) . The seed resulting from the selfed F 1 plants furnished the material used in this study.
Seedlings were grown in sand or nutrient medium. For sand cultures, seed was planted in eight-inch clay pots containing sieved quartz sand which had been previously autoclaved and saturated with water. Detached embryos were cultured in Bonner's (1940) mineral solution to which 0.15 mole of glucose October, 1954] Phinney- and 0.75 per cent agar were added before sterilization (Haagen-Smit, 1945; Tukey, 1934) . Before planting, the seed was treated for 20 minutes with .50 per cent Clorox containing 1 gram per liter of the detergent Tide, rinsed in sterile water and soaked for 24 hours. All seedlings were grown in a refrigerator incubator whose dimensions were 5 x 3 x 7 feet. The temperature in this incubator could be controlled to within one-half degree centigrade. A light source was supplied by 13 slim-line fluorescent lamps, each 72 inches long, spaced 1 inch apart. These lamps were labeled 4500°white and produced an average light intensity of 700 foot-candles at the surface of the pots, a distance of 55 centimeters from the light source. Two automatic time switches were synchronized so that one turned the lights off and on and the other reset the refrigeration controls to provide more refrigeration during the light period than during the dark period. Thus a uniform day length of any desired duration could be maintained at a constant temperature.
The data reported in this paper were taken almost exclusively from observations made on the second leaf, counting the first leaf to emerge from the coleoptile as leaf number 1. Under certain conditions where ,greening of the seedling leaves occurred before their emergence from the coleoptile, observations had to be made from the seedling leaves enclosed within the coleoptile. Such was the case with light-grown normals and, at the higher temperatures, with light-grown mutants. In all cases the age of the seedlings was considered as time in hours following soaking of the seed.
Specific terms applied to the observed colors of the seedling leaves are listed below. To insure accurate visual description, the leaves were matched with the standard colors found in Dictionary of Color by Maerz and Paul 188 Hilgardia [Vol. 23, No.8 (1930) . The plate and page number corresponding to each observed color are indicated. When listed, the standard name is also included. • Data from segregating material grown in Rand. For all temperatures normal sibs were completely green at the time mutants showed initial greening. At 35°C data gathered from material grown in petri dishes.
t Data from segregating material grown on moist filter paper in covered petri dishes. At 35°C the time for initial greening of mutants was also recorded. At all temperatures mutants were still pale-yellow at the time normal sibs showed initial greening.
Use of the term 20% greening requires explanation, since the pattern of greening is not a strictly uniform process. At temperatures of 25°0 and above, mutants and normals tend to green first at the tip and about the veins of the leaves. At temperatures below 25°0, mutants and normals green first at the base and about the veins of the leaf. The term 20% greening is said to occur when the distal 5 em of the second leaf blade has a color equivalent to that designated in Dictionary of Color.
To determine the effect of the environment upon greening in the mutants as compared with the normals, the factors of light, temperature, and culture media were varied one at a time and the results recorded. When possible, certain changes in the degree of yellowness of the mutant seedlings were also observed and recorded.
EXPERIMENTAL RESULTS
Influence of Light Duration. The length of time the mutants remain paleyellow appears to be independent of previous exposure to light, A total of 2,847 seeds that would segregate for normal and virescent seedlings was grown under five different light treatments at 25°0. Each of these five treatments involved at least 391 seedlings of which 93 or more were mutants. The first treatment was in continuous light, the second in alternating 12 hours of darkness followed by 12 hours of light, the third in 144 hours (six days) of darkness followed by continuous light, the fourth in darkness for 166 hours (seven days) followed by continuous light, and the fifth in darkness for 192 hours (eight days) followed by continuous light. Records were taken on the phenotypic appearance of the two classes of seedlings at the time the lights were turned on and over the time period that the mutants changed from pale-yellow to pale-green. In every treatment, mutants were still pale- Days of exposure to liQht to reach initial Qreening Fig. 2 . The length of time mutant and normal seedlings lack visible chlorophyll when grown at different temperatures. Vertical bars represent the range in temperature over which the seedlings were grown, horizontal bars the range in hours over which seedlings were observed to show initial greening. Each point represents the value midway between the two extremes in time over which seedlings were observed to show initial greening. yellow within the range of 168 -+-12 hours (seven days) following soaking, changing from pale-yellow to pale-green within the range of 192 -+-12 hours (eight days) following soaking. These relations are diagrammed in figure 1. It is concluded that at a constant temperature of 25°0, previous exposure to light has little or no influence on the length of time mutants remain paleyellow, and at least 192 -+-12 hours (eight days) are required before greening will occur in the mutants when grown at 25°C.
Influence of Temperature. The length of time before initial greening is evident in mutant seedlings is strongly influenced by temperature. To determine the precise relationship between temperature and the length of time mutant seedlings lack visible chlorophyll, seed segregating for normal and virescent plants was grown at 19°, 25°,30°, and 35°0 in continuous light. The length of time for initial greening to occur was recorded from seedlings grown in sand and on moist filter paper in covered petri dishes. The use of petri dishes was necessary since all normal seedlings as well as mutant seedlings grown at 35°0 showed initial greening in less than 48 hours following soaking. At this age initial greening occurs before the leaves emerge from the coleoptile. For mutants grown at 19°, 25°, and 30°0, observations were made from the second leaf of seedlings grown in sand. Records were taken from a total of 441 mutant and 228 normal seedlings, The data are given in table 2 and graphed in figure 2. It can be seen that the length of time for initial greening to occur in mutant and normal seedlings is inversely related to the temperature; with increasing temperature, this length of time for the mutants approaches that for the normals. It is concluded that the ability of the mutant seedlings to turn green is strongly temperature-dependent.
Influence of Culture Methods. To check the effect of the culture media on the expression of the mutant character, one lot of 70 seeds was grown in soil, a second lot of 100 seeds in vermiculite, a third lot of 580 seeds in sponge rock, and a fourth lot of 541 seeds in quartz sand. Each lot was grown at 25°0 under a 12-hour day. In all of these media the seedling plants segregated sharply for pale-yellow and green seedlings. The second leaf of pale-yellow mutants did not green until 192 -1-8 hours (eight days) following soaking. During this time there was no visible difference in color between mutant plants grown in the various culture media. The expression of the character pale-yellow-1 is considered to be independent of the culture media tested.
Mutant Seedlings Without Endosperm. The influence of the endosperm upon the expression of the mutant character was determined from seedlings 192 Hilgardia [Vol. 23, No.8 in which the pericarp and the endosperm had been removed at the time of soaking. One hundred embryos were dissected from sterilized seeds that had been soaked for 24 hours. The pericarp only was removed from a second set of 100 seeds. A third set of 100 intact seeds served as controls. All material was treated for 10 minutes with a 1: 1000 mercuric chloride solution containing 1 gram per liter of the detergent Tide, and rinsed three times with sterile water. All material was grown at 25°0 on the nutrient agar described in materials and methods. Half of each set was grown in the light and half in the dark. The seedling plants that developed from excised embryos were small with narrow, elongated leaves resembling those of oat seedlings. Embryos without endosperm showed no visible evidences of growth until 72 -+-12 hours (three days) after soaking. Intact embryos both with and without the pericarp showed evidences of growth within 12 hours following soaking of the seed. Removal of the pericarp only, had no effect on the growth and appearance of the seedlings. Endospermless plants grown in the dark segregated for creamwhite and pale-yellow seedlings. These two classes corresponded to the paleyellow and bright-yellow segregation of dark-grown plants with endosperm. Prior to the time chlorophyll could be visibly detected, endospermless mutants grown in the light were cream-white. If one subtracts the lag in time before growth is evident, the length of time endospermless mutants lacked visible chlorophyll corresponds closely to the length of time intact mutants lacked chlorophyll.
These data suggest that segregation into mutants and normals is independent of the endosperm and the pericarp; that the presence of the endosperm contributes to the degree of yellowness in both mutant and normal seedlings; and that the length of time mutant seedlings remain pale-yellow is apparently independent of the presence of the endosperm and the pericarp.
Rate of Greening of Nine-Day-Old Mutant Seedlings. The temperature dependency of chlorophyll accumulation in mutant and normal seedlings was compared by determining the actual time required for the second leaf to reach 20% greening at each of seven different temperatures. All of these seedlings were grown ill the dark at 25°0 for nine days. This was done to provide mutant material that would be capable of forming chlorophyll upon exposure to light. The rate of greening of the mutants could then be compared with the rate of greening in the normals when exposed to light at the desired temperature. The results from this experiment are shown in table 3 and graphed in figure 3. In the mutants the temperature below which no greening occurred was 16.5 ± .5°0. At this temperature mutant seedlings required 109 -+-18 hours of exposure to light to reach 20% greening. This greening resulted in a mottled leaf. At 12 -+-.5°0 (the lowest temperature used) normal seedlings became 20% green 96 ± 18 hours following exposure to light. Therefore the minimal temperature for greening in the normals is at some temperature below 12°0. At temperatures of 25°0 and above, both mutant and normal seedlings reached 20 per cent greening at the same time. From these data it is concluded that: mutant seedlings have a narrower temperature range for greening than do normals; rate of 'greening in the mutants is less than normal seedling at temperatures between 25°0 and 16.5°0; and rates of greening in mutants and normals are indistinguishable from each other at temperatures of 25°0 and above.
Development of Yellow Color by Mutant Seedlings. The observation was made that dark-grown seedlings segregate for pale-yellow' and bright-yellow plants, corresponding to the pale-yellow and green segregation of light-grown plants. Since pale-yellow mutants grown at 25°0 in continuous light may be observed to green on the eighth day after soaking, it seemed possible that * All seedlings grown in the dark for 9 days at 25 0 C. t Number of mutants plus number of normals at anyone temperature are the total number of seedlings that germinated from that particular planting.
t Range in temperature. § Range in hours over which the seedlings were observed to reach 20% greening.
dark-grown mutants might change in color following the seventh day after soaking. Visible changes in the degree of yellowness are far more difficult to detect than are changes in the degree of greenness. However, under certain conditions it was possible to detect changes in the degree of yellowness as mutants became older. Eight hundred plants segregating for mutant and normal seedlings were grown in complete darkness for 14 days at 25°0. At the end of this time an attempt was made to classify the plants into pale-yellow and bright-yellow seedlings. It was found that while there was variation in the degree of yellowness, two distinct color classes no longer existed.
More direct evidence of the changes in yellow color of mutant seedlings was obtained with plants grown at 30°0. Since changes in color occurred more rapidly at this temperature than at 25°0, slight changes in the degree of yellowness were more easily detected. Five hundred seeds that would segregate into mutant and normal seedlings were soaked and grown in the dark at 30°0. On the second day following soaking, the lights were turned on long enough to tag 120 of the seedlings as mutants. Thereafter daily samples of 20 mutants were removed from the dark chamber and compared with the color charts in Dictionary of Color. Even though changes were difficult to observe visibly, a deepening of the pale-yellow color was evident in mutants by the fourth day following soaking. Since mutant seedlings may be observed to green 90 + 6 hours (3% days) following soaking when grown in the light at 30°0, it would appear that yellowing begins at the same age as greening. It is concluded that dark-grown mutants turn yellow at a time very close to the time of greening in light-grown mutants. 
DISCUSSION
The observations show that the mutant seedling pale-uellow-L is initially uniform pale-yellow when grown in either light or darkness. Exposed to light, these mutants eventually turn green. When kept in darkness they show evidences of turning from pale-yellow to bright-yellow. This time of yellowing corresponds closely to the time of greening. Thus it would seem the mutant gene is controlling the accumulation of both chlorophylls and carotenoids. Plastid size and number are not factors in this delayed appearance of pigments, nor are type of culture media tested and length of exposure to light. On the other hand, the length of time mutants remain pale-yellow is inversely related to the temperature. This inverse relationship between temperature and time suggests that a change in the amount of a limiting factor may control the length of time the mutants remain pale-yellow. Apparently this limiting factor does not involve the endosperm or the pericarp. It is conceivable that this factor involves the ability to produce a compound necessary for both initial greening and yellowing in the mutants.
The presence of the endosperm contributes to the degree of yellowness in both mutant and normal seedlings. It is responsible for almost all of the visible yellow color found in the mutants prior to the time that they would green, and for a 'great deal of the yellow color of dark-grown normals. However, this endosperm effect appears to be independent of the pale-yellow-l gene since removal of the endosperm results in a decrease in yellowness in both mutant and normal seedlings.
At temperatures above 25°C, greening in dark-grown, nine-day-old mutants exposed to light proceeds at a rate similar to the rate of greening in comparably grown normals. The relatively abrupt initiation of greening followed by a rapid rate of greening, suggest a trigger mechanism set off by the accumulation of a threshold amount of some substance. Thus the ability to turn green and to turn yellow in the mutants could be limited by the availability of an enzyme, the mutant remaining pale-yellow until this threshold value is reached.
The temperature range over which greening will occur-is narrower in the mutants than in the normals. In addition, the rate of greening at temperatures below 25°C is slower in the mutants than in the normals. At temperatures above 25°C, the rates of greening in the mutants and normals are indistinguishable. The higher minimal temperature for greening and the slower rate of greening in the mutants at temperatures between 16.5°and 25°C could conceivably be attributed to a modified enzyme produced under the influence of the mutant gene. Thus when mutants are indistinguishable from normals on the basis of pigmentation, these mutants still show a temperature sensitivity different from normals. In this respect the virescent mutant pale-yellow-l may be considered to be a temperature-sensitive mutant. Temperature mutants involving the ability to produce specific growth factors at one temperature but not at another temperature are known in Neurospora (Mitchell and Houlahan, 1946; McElroy and Mitchell, 1946) . Cases of temperature-sensitive phenotypes associated with the stability of particular enzyme systems have also been reported (Maas and Davis, 1952; Horowitz and Fling, 1953) . It is quite conceivable that many of the virescent types of mutations found in higher plants are actually temperature-sensitive mutations.
SUMMARY AND CONCLUSIONS'
The phenotypic appearance of the seedling virescent mutant pale-uellaio-L (v-py-1) in maize has been described. The effect of the environment has been studied in terms of light duration, temperature, nutrient supply, and the presence and absence of the endosperm.
At 25°C mutants do not green until 77~days after soaking, ultimately becoming as green as normals. The time required for mutants to show initial greening is temperature-dependent, approaching that for normal seedlings at higher temperatures. Evidence suggests that dark-grown mutants become yellower in color at the same time that light-grown mutants green.
The presence of the endosperm contributes to the degree of yellowness in both mutant and normal seedlings, probably operating independently of the mutant gene.
Previous exposure to light, variation in the culture media, and removal of the endosperm are not responsible for the length oftime that mutants remain pale-yellow. .
For nine-day-old seedlings, the rate of greening is the same for mutants and normals at 25°C and above. At temperatures between 25°C and 16.5°C
